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4. The Value of Precision Neutrino Phyiscs
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precise neutrino parameters

why is this interesting?

� unique flavour information
� very precise: no hadronic uncertainties
� apparent difference: quarks �������� leptons
� tests models / ideas about flavour



M. Lindner TASI 2006 4

History: Elimination of SMA

Was favoured by most theorists
�������� GUTs

prefered by nature
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The Value of Precision for θθθθ13

for example: sin22θθθθ13 < 0.01    ����

physics question: why is θθθθ13 so small ?
� numerical coincidence
� symmetry

�������� precision!

• models of masses & mixings
• input: Known masses & mixings
���� distribution of θθθθ13 „predictions“

• θθθθ13 often close to experimental bounds
���� motivates new experiments
���� θθθθ13 controls 3-flavour effects

like leptonic CP-violation
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Further Implications of Precision

Provides also measurements or tests of:
• MSW effect (coherent forward scattering and matter profiles)
• cross sections
• 3 neutrino unitarity�������� sterile neutrinos with small mixings
• neutrino decay (admixture…)
• decoherence
• NSI
• MVN, ...

• special angles: θθθθ13= 0°, θθθθ23= 45°, ... �������� discrete f. symmetries?
• special relations: θθθθ12+ θθθθC = 45° ? �������� quark-lepton relation?
• quantum corrections �������� renormalization group evolution

Precision allows to identify / exclude:
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The larger Picture: GUTs

(5 ) (1)SU U× (3) (3) (3)C L RSU SU SU× ×
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(5 )SU

(1 0 )SO

E 6

Gauge unification suggests that 
some GUT exists

Requirements:
gauge unification 
particle multiplets �������� ννννR
proton decay 
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many models…
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GUT Expectations and Requirements

Quarks and leptons sit in the same multiplets
� one set of Yukawa coupling for given GUT multiplet
� ~ tension: small quark mixings �������� large leptonic mixings
� this was in fact the reason for the `prediction’ of

small mixing angles (SMA) – ruled out by data

Mechanisms to post-dict large mixings:
� sequential dominance
� type II see-saw
� Dirac screening
� …
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Single right-handed Dominance

����

If  one right-handed neutrino dominates, e.g.  y >> x 
� small sub-determinant ~ m2 .m3  
� m2 << m3  i.e. a natural hierrachy
� tan θθθθ23 ~ a/c  i.e. naturally large mixing
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Sequential Dominance

sequenatial dominance:  z >> y >> x 
� small determinant ~ m1 . m2 .m3  
� m1 << m2 << m3 natural 
� naturally large mixings

S.F. King
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Large Mixings and See-Saw Type II 

mνννν=ML - mDMR
-1mD

Tsee-saw type II

mD and MR may posess small mixings and hierarchy
However: ML can be numerically more important
Example: Break GUT ���� SU(2)L x SU(2)R x U(1)B-L ����ML from LR
� large mixings natural for almost degenerate case m1~m2~m3
� type I see-saw would only be a correction

type I – type II interference
� ML ~ mDMR

-1mD
T

� many possibilities
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Dirac Screening

fit fermions into GUT representations
���� relation between Yukawa couplings, e.g. E6

Assume: ννννL, ννννC
R, S    ����

���� double seesaw

ML, Schmidt, Smirnov

Question: Do neutrino masses always depend on the
Dirac Yukawa couplings? ���� no
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Consequences of Dirac Screening

Outcome:
• Neutrino masses can emerge completely from Planck scale 

physics �������� generically different 
• Dirac Yukawa structure (small mixings) screened
• Hierarchical neutrino spectrum not required in see-saw
• Quark-lepton complimentarity possible …

…with or without degenerate neutrino masses

• Double see-saw predics for MR to be below MGUT
first see-saw ���� MR ~ <s>/MS  ~ 10-3 MGUT ~ 1013 GeV

���� complete screening of
Dirac structure
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Flavour Unification

Examples:

• so far no understanding of flavour, 3 generations
• apparant regularities in quark and lepton parameters
���� flavour symmetries
���� not texture zeros

U(1)

SU(2)

SU(3) SO(3)

S(3)

(3) (3)L RO O×

(3) (3)L RS S×

A4;Z3 â Z2

Nothing
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Discrete Flavour Symmetries

Discrete Flavour Symmetries �������� flavour structure
Example: Dihedral groups Dn

geometric 
origin of D3
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Specific Example: D5  Hagedorn, ML, Plentinger

complex generators

character table

Kronecker products

Clebsch-Gordan
Coefficients …
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D5 Allowed Mass Terms

Notation: 
ith generation fermions

Dirac mass terms:

Majorana mass terms:

with

Task: search for mass terms which are for suitable Higges singlets under D5
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Resulting D5 Symmetry Texture

D5 singlet mass terms require the following quantum numbers for the scalars:

���� Check if phenomenological  successful predictions arise
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GUT *and* Flavour Unification

t

b

c
s

u
d

e

up-type quarks

down-type quarks

charged leptons

neutrinos
µ

τ
1ν

2ν

3ν

310−×

1×

110−×
210−×

110−×

110−×

210−×
1210−×

310−×
410−×

1210−×

1110−×
(10)SO(3)SU

Example: SO(10) x SU(3)
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GUT 0000 Flavour Unification
���� GUT group 0000 continuous, gauged flavour group
• for example SO(10) 0000 SU(3)flavour

• Generations are 3F
• SSB of SU(3)flavour between ΛΛΛΛGUT and ΛΛΛΛPlanck
���� all flavour Goldstone Bosons eaten
���� discrete (ungauged) sub-group survives �������� SSB potential
���� e.g. Z2, S3, D5, A4, ...  
���� structures in flavour space

�GUT 0000 flavour is rather restricted
- small quark mixings
- large leptonic mixings

• from unified GUT 0 0 0 0 flavour representations
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GUT 0000 Flavour Challenges
• Difficulty grows with 

- size of flavour symmetry
- size of the GUT group
���� so far only a few viable models

e.g. SO(10) 0000 S4 Hagedorn, ML, Mohapatra

���� limited number of possibilities
���� phenomenological success non-trivial

Aim: Distinguish models by future precision
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Mass Models & Renormalization

low energies:
• small masses
• large mixings

High energies:
• mass models
• flavour-symmetries
• GUT-models, ...

renormalization group running

atmospheric ����

solar ����

reactor ����

���� bi-maximal

���� Small 
or even
zero

MSSM example:
Antusch, Kersten, ML, Ratz

θθθθ23= π/4π/4π/4π/4 
  

 ++++ ????

∆θ∆θ∆θ∆θ13 versus limit/value
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d=5 Effective Neutrino Mass Operators
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ββββκκκκ in the Standard Model
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ββββκκκκ in 2Higgs Models
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ββββκκκκ in the MSSM
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Analytic Formulae
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Implications for Leptogenesis
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Implications for Leptogenesis
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Implications for Leptogenesis
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RG Evolution of θθθθ13
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RG Evolution of θθθθ23
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RG Evolution of θθθθ12

MSSM
tan ββββ=50
m1=0.1eV

dark:
θ13€[0°,9°]
CP phases=0

medium:
�phases
θ13€[0°,9°]
δ=0,π/2,π,3π/2

light: remaining CP phases
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Evolution of θθθθ13 and θθθθ23

MSSM
tan ββββ=50
m1=0.1eV

dark:
θ13€[0°,9°]
CP phases=0

light:
arbitrary CP phases
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Radiative Generation of Dirac Phase δδδδ

δ=0
φ1=16°
φ2=140°
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Evolution of Majorana Phases

MSSM
tan ββββ=50
m1=0.15eV
φ1=75°
φ2=70°
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Extreme Examples

normal hierarchy, mmin=0.19eV inverted hierarchy , mmin=0.19eV 

normal
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RG Running above lowest Threshold
Non-degenrate heavy Majorana thresholds:
� above all thresholds: running Y, MR
� sucessively integrate out heavy Majorana fields
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RG Running & Flavour Textures
- neutrino masses & mixings �� flavour textures at high energies
- only certain texture-zero mass matrices are allowed

P.H. Frampton, S.L. Glashow, D. Marfatia
W.-I. Guo, Z.-z. Xing

-RG running � previously forbidden textures ����

���� class F 
becomes allowed

���� class E 
remains forbidden

- even some 3 zero textures become allowed!    ...other textures
C. Hagedorn, ML, J. Kersten, hep-ph/0406103
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RG-Conclusions

� RG effects connect measurements and high energy models
� are important – especially for non-hierarchical masses
� simple analytic expressions (including CP phases)
� important effects from integrating out MR thresholds
���� RG effects have interesting phenomenological consequences:

• leptogenesis � smaller mass window
• textures vs. data � more solutions
• evolution of θ13 and θ23 �� future precision
• interesting evolution effects for CP phases
• ...
• neutrino-less double β-decay
• WMAP
• ...
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Baryon Asymmetry

anti-mattermatter
particle anti-particle

��������

symmetry
��������

baryon-
asymmetry

theory observation

measured baryon asymmetry:

Necessary: Sakharov conditions:
• B-violating processes
• C- and CP-violation
• departure from thermal equilibrium
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Realization of the Sakharov Conditions
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Electroweak Baryogenesis

• SM fulfills Sakharov conditions

• CP violation is tiny
• requires a 1st order phase transition:
����growing bubbles of the broken vacuum
����asymmetric scattering of particles and

anti-particles

However: Phase transition is most likely a
``cross-over‘‘ or at best 2nd order
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GUT Baryogenesis and the Wash-Out

• GUT decays produce an
initial B asymmetry

• typically B-L conserved

• sphalerons change B+L ���� B=L=0

• ``wash-out‘‘ of any initial B as long
as B-L is conserved
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Leptogenesis
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Wash-out and Equilibration
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Neutrinogenesis

Baryon asymmetry with Dirac neutrinos, i.e. without L violation due to neutrinos
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• νννν−−−−cross sections
• NuTEV-anomaly
• GRBs
• AGNs
• horizontal air showers @ Auger
• ττττ−−−−regeneration,,,,    OWL, ...
• theory:

- detailed models of νννν-masses &  mixings
- scenarios with Nνννν>3 (sterile νννν‘s + small mixings)
- limits on neutrino decay
- bounds for non-standard interactions
- conncetions to >SM & electro-weak symmetry breaking
- GUTs, discrete flavour-symmetries
- extra dimensions, strings, ...

Other Topics (not covered)
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The Interplay of Topics

mass spectrum, mixings, CP-phases, lepton flavour violation, 0νννν2ββββ−−−−decay, ...

SM extensions: SUSY, …
flavour symmetries
unification
fundamental interactions
CPT & Lorentz inv.
extra dimensions
…

leptogenesis
supernovae
BBN
structure formation,
UHE neutrinos
dark matter & energy
...

����νννν-parameters extremely valuable ���� long term: most precise flavour info

precision
neutrino properties:

masses, mixings, 
CP-phases, ...



7. Conclusions
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Conclusions

Neutrinos probe new physics in many ways!
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Outlook: hep-ph + hep-th unitarity bound

νννν−−−−physics will 
stay interesting!

~ekt ?


